We present here on the growth, fabrication and electroluminescence ͑EL͒ characteristics of light emitting diodes ͑LEDs͒ based on Er-doped InGaN active layers. The p-i-n structures were grown using metal organic chemical vapor deposition and processed into 300ϫ 300 m 2 mesa devices. The LEDs exhibit strong emissions at 1.0 and 1.54 m, due to Er intra-4f transitions, under forward bias conditions. The emitted EL intensity increases with applied input current without exhibiting saturation up to 70 mA. The integrated power over the near infrared emission, measured at room temperature from the top of a bare chip, is about 2 W. The results represent a significant advance in the development of current injected, chip-scale emitters and waveguide amplifiers based on Er doped semiconductors. © 2010 American Institute of Physics. ͓doi:10.1063/1.3499654͔
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Over recent years, the rare earth ͑RE͒ doped III-nitride semiconductors have emerged as important materials for applications ranging from optical communication devices with multiple functionalities to full color display systems. Such applications are not possible with either RE doped silica glasses or narrow band gap semiconductors.
1-5 Much of the research work on RE doping into semiconductors has focused on the element, erbium ͑Er͒ for potential applications in optical communications. Wide band gap semiconductors, doped with Er, exhibit spectral emissions from the visible to near infrared ͑IR͒ region due to the Er intra-4f transitions. [6] [7] [8] The transition from the first excited level ͑ 4 I 13/2 ͒ to the ground state ͑ 4 I 15/2 ͒ results in ϳ1.54 m emission which falls within the minimum loss window of optic fibers for optical communications. It has been shown that the Er excitation cross section under current injection ͑ϳ10 −15 cm 2 ͒ is up to five orders of magnitude higher than the optical excitation cross section in conventional Er-doped fiber amplifiers ͑ϳ10 −20 cm 2 ͒. 9 Of the various wide band gap semiconductor systems, III-nitride semiconductors appear to be excellent host materials for Er ions to achieve room temperature ͑RT͒ operation of electrically pumped emitters and amplifiers operating at 1.54 m. The structural and thermal stability, as well as recent advancements in growth techniques of highquality III-nitride materials with both n-and p-type conductivities, indicates the potential to create efficient light emitting devices.
Recently, we have succeeded in incorporating Er ions into GaN and InGaN epilayers in situ during metal organic chemical vapor deposition ͑MOCVD͒ growth. 7, 8 The Er doped GaN and InGaN epilayers, synthesized by MOCVD, exhibit a predominant 1.54 m emission that is highly thermal stable, which opens the possibility of fabricating current injected 1.54 m emitters and waveguide amplifiers for RT operation.
Previous studies have been concentrated on Er doped III-nitride samples produced either by ion implantation or by in situ doping using molecular beam epitaxy ͑MBE͒. [10] [11] [12] [13] [14] [15] [16] [17] [18] Compared to ion implantation, in situ doping provides precise control of Er concentration and dopant position in the thin film. Electroluminescent devices have been fabricated from MBE grown materials and shown to emit at visible and IR wavelengths. 6 However, these Schottky-type devices require applying a high electric field under reverse bias ͑sev-eral hundred volts͒ to produce emission at 1.54 m. Light emitting diodes ͑LEDs͒ have been fabricated using a combination of MOCVD and MBE techniques and yielded 1.54 m emission under both reverse and forward bias conditions. 12 Moreover, emission intensity under forward bias was much weaker than that under reverse bias. In both cases, the primary excitation of Er ions in GaN was through an impact energy transfer mechanism.
MOCVD is the established growth method in III-nitride semiconductor industry, and used to produce almost all the commercial III-nitride photonic devices including LEDs and laser diodes ͑LDs͒. 19 Recently, we have demonstrated the operation of current injected 1.54 m LEDs and waveguide amplifiers by heterogeneous integration of Er doped GaN and InGaN epilayers, synthesized by MOCVD, with commercially available III-nitride UV/blue LEDs. 20 In these devices the excitation of Er 3+ ions is through an optical pumping process and the overall efficiency was low due to poor coupling efficiency. In this letter, we report on the MOCVD growth, fabrication, and electroluminescence ͑EL͒ characteristics of Er-doped p-i-n LEDs. The devices showed a dominant EL emission at 1.54 m under forward bias, making these materials highly promising for on-chip optical communication applications.
The device structure was a p-i-n diode in which the i-layer was a 200 nm thick Er doped In 0.05 Ga 0.95 N layer ͑Er: In 0.05 Ga 0.95 N͒. The schematic structure of the fabricated LED is depicted in Fig. 1 . The p-i-n diodes were grown on the ͑0001͒ sapphire substrates and growth began with a thin GaN buffer layer, followed by a 0.6 m thick undoped GaN epilayer grown at 1040°C. Then a 1.5 m thick Si doped GaN n-contact layer with electron concentration, n = 5 ϫ 10 18 cm −3 , and mobility = 250 cm 2 / V s was deposited. 
17 cm −3 and mobility, =10 cm 2 / V s. To activate the Mg acceptors in the p-layers, the structures were annealed in a N 2 ambient at 550°C for 30 min.
The LED fabrication process started with deposition of a thin semitransparent p-contact layer of Ni/Au ͑5/10 nm͒ by e-beam evaporation. Devices with mesa size of 300 ϫ 300 m 2 were defined by etching down to n-type GaN ͑0.8 m deep from top͒ using chlorine-based inductively coupled plasma technique. Then the semitransparent p-contact was annealed for 30 min in air at 450°C to obtain the Ohmic behavior. Finally, the n-contact, Ti/Al/Ti/Au ͑30/ 100/20/150 nm͒, and p-contact pad Ni/Au ͑30/200 nm͒ were deposited by e-beam evaporation using optical lithography and lift-off techniques. The I-V, EL and total emitted power of these fabricated LEDs were measured using a microprobe station comprised of a source meter ͑Keithley 2400͒, and spectrometers for the visible region ͑Ocean optics 2000 equipped an InGaAs detector͒ and for the IR region ͑Bay-spec 2020 with a deep cooled InGaAs detector͒. Figure 2 shows typical I-V characteristics of a 300 ϫ 300 m 2 mesa size LED device. The inset shows the same data on a semilog scale. The leakage current, under reverse bias voltage of Ϫ15 V, is only about 0.2 A. Under forward bias condition, the required voltage for 20 mA current injection was about 12.5 V, which is significantly higher than that found in standard multiple quantum wells ͑MQWs͒ III-nitride blue/green LEDs. The relatively high forward voltage observed in these LEDs is related to the high series resistance introduced by the 200 nm thick Er doped In 0.05 Ga 0.95 N layer, which was not optimized for the conductivity. The forward voltage can be reduced by optimizing the active layer thickness and by employing Si codoping. However, there could be trade-offs among the active layer thickness, Si codoping concentration and EL intensity, which will require further investigations. Figure 3 depicts the RT EL spectrum in ͑a͒ visible and ͑b͒ near IR region of the LED under 20 mA current injection at a forward bias of 12.5 V. In contrast to the PL spectrum, 7 which yielded only emission peaks at 1.0 and 1.54 m, emission lines at wavelengths of 536, 556, and 667 nm were also observed in EL spectrum. These peaks are attributed to the following intra-4f Er transitions; 536 nm ͑ 2 H 11/2 → 4 I 15/2 ͒, 556 nm ͑ 2 S 3/2 → 4 I 15/2 ͒, and 667 nm ͑ 4 F 9/2 → 4 I 15/2 ͒. The appearance of these emissions peaks implies that the excitation process for the p-i-n diode is different than the PL mechanism involving above band gap optical excitation. 7 The emitted power ͑P int ͒ measured from one side of a bare chip, integrated over both the visible and near IR regions, is shown in Fig. 4 as a function of applied current. Under 20 mA current injection, the integrated power over the near IR region ͑1.0 and 1.54 m bands͒ is about 2 W, which is about two times larger than the integrated power in the visible region ͑536, 556, and 667 nm͒ of about ϳ1 W. The total P int montonically increases with applied current up to 60 mA. Although the emitted power of these LEDs is significantly lower than standard MQWs III-nitride blue/ green LEDs, the L-I characteristics are similar. The output power from these Er doped InGaN LEDs is comparable to that reported for initial Eu doped GaN LEDs. indicates that the relaxation of electrons to the first excited state ͑ 4 I 13/2 ͒ from higher energy levels reduces as the injection current increases.
In summary, Er doped InGaN p-i-n structures were grown by MOCVD and the EL characteristics of fabricated LEDs were probed in the visible and near IR regions. Emission at 1.0 and 1.54 m was observed under forward bias condition with an output power of ϳ2 W. These results are very promising for development of Er doped 1.54 m emitters having very stable RT operation. They also present an important step in the development of current injected chip scale optical amplifiers active in the 1.54 m wavelength window for future optical communication applications. 
